Intrinsically photosensitive, melanopsin-expressing retinal ganglion cells (ipRGCs) relay photic information to the master circadian clock in the SCN as well as to other brain regions that mediate a range of nonvisual responses to light (Gooley et al., 2003; Hattar et al., 2003; Hattar et al., 2006) . The ipRGCs receive input from rods and cones via amacrine and cone bipolar cells (Belenky et al., 2003; Perez-Leon et al., 2006) Abstract In mammals, nonvisual responses to light have been shown to involve intrinsically photosensitive retinal ganglion cells (ipRGC) that express melanopsin and that are modulated by input from both rods and cones. Recent in vitro evidence suggests that melanopsin possesses dual photosensory and photoisomerase functions, previously thought to be a unique feature of invertebrate rhabdomeric photopigments. In cultured cells that normally do not respond to light, heterologous expression of mammalian melanopsin confers light sensitivity that can be restored by prior stimulation with appropriate wavelengths. Using three different physiological and behavioral assays, we show that this in vitro property translates to in vivo, melanopsin-dependent nonvisual responses. We find that prestimulation with long-wavelength light not only restores but enhances single-unit responses of SCN neurons to 480-nm light, whereas the long-wavelength stimulus alone fails to elicit any response.
phase shifts of the circadian oscillator, acute suppression of melatonin, and pupillary constriction, whereas the absence of these three photopigments completely abolishes these responses . Combined morphological and molecular approaches have revealed that the two classes of outer retinal rod and cone photoreceptors and the inner retinal melanopsin ganglion cell have evolved from distinct cell types that use different light-sensitive signaling systems (Arendt, 2003) .
Vertebrate rod and cone opsins are ciliary photopigments in which physiological cellular responses are initiated by photoconversion of 11-cis to all-trans-retinal and its subsequent release, rendering the photopigment unresponsive to light. Restoring photosensitivity requires light-independent conversion of all-trans-back to 11-cis-retinal (retinoid cycle), a process resident in nonphotoreceptor cells of retinal pigment epithelium (RPE) and in Müller cells (McBee et al., 2001; Arshavsky, 2002; Mata et al., 2002) .
In contrast, invertebrate photopigments are characterized by a photosensory 11-cis-retinal-bound state and a photoisomerase function capable of regenerating all trans to 11-cis-retinal. An essential feature of invertebrate photoreception, this bistable property has been documented by a long history of in vitro investigations (using absorption spectrophotometry, electrophysiology, and high performance liquid chromatography (HPLC) in species such as bee, fly, squid, and Limulus (see Hillman et al. [1983] for review) in which photoisomerase excitation at one wavelength restores photosensory responses at the peak wavelength of the 11-cis-retinal-bound photopigment. The invertebrate visual cycle thus requires photon absorption to drive both activation and regeneration pathways, whereas the vertebrate cycle only exploits photons for the activation pathway (Kiselev and Subramaniam, 1994) .
Melanopsin, originally cloned from amphibian melanophores (Provencio et al., 1998) , shares extensive amino-acid sequence homologies with invertebrate opsins (Arendt, 2003; Arendt et al., 2004) and has recently been shown to exhibit signal-transduction mechanisms and functional properties typical of invertebrate rhabdomeric photopigments (Isoldi et al., 2005; Qiu et al., 2005; Contin et al., 2006) that use light to convert all-trans-retinal back to the active form in an arrestin-dependent manner (Pepe and Cugnoli, 1992; Kiselev and Subramaniam, 1994) . Recent in vitro studies using mouse (Panda et al., 2005) and human (Melyan et al., 2005) melanopsin expressed in heterologous cell lines have confirmed that melanopsin confers light sensitivity to the cell that, following initial bleaching by light, can subsequently be restored by light stimulation using appropriate wavelengths. The ability to repeatedly photoconvert expressed amphioxus melanopsin between two spectral absorption states demonstrates an interconvertibility that is consistent with the bistable properties of arthropod and squid rhodopsin (Koyanagi et al., 2005) .
Although many aspects of the melanopsin phototransduction mechanism remain to be elucidated, a crucial issue in photobiology and chronobiology is to determine whether the capacity of response restoration by light observed for melanopsin in vitro is transposed for melanopsin-dependent nonvisual responses in vivo (Lucas, 2006; Peirson and Foster, 2006; Berson, 2007; Nayak et al., 2007) . To resolve this question, we adapted the classical strategy of successive monochromatic stimulations first used by Lisman and Sheline (1976) to demonstrate light regeneration of invertebrate photopigments in Limulus to assess photoregeneration of the major nonvisual, melanopsin-dependent responses in a vertebrate, the mouse. In a first approach, we used single-unit recordings to demonstrate that prior exposure to long-wavelength light increases the firing rate of SCN neurons to short-wavelength blue light. We then established the optimal wavelengths necessary both for conferring enhancement and for eliciting the maximum sensory response. Because this short-wavelength region of sensitivity corresponds to that of melanopsinexpressing ipRGCs (Berson et al., 2002; Dacey et al., 2005) , we verified the hypothesis that melanopsin is required for response enhancement by demonstrating the absence of this capacity in Opn 4 -/-mice. We further confirm that the enhanced responsiveness following prior long-wavelength exposure translates to other in vivo melanopsin-dependent responses including the pupillary light reflex and light-induced circadian phase shifts of activity.
MATERIALS AND METHODS

Animals
Experiments were done with SV129 wild-type male mice (n = 33; Charles River Laboratories, l'Arbresle, France) between 6 and 8 weeks of age. Before light exposures, animals were housed under a 12L/12D light cycle, with food and water ad libitum. Mice (n = 3) lacking melanopsin protein expression (Opn 4 -/-) have been previously described and were from the same strain as those first used by Lucas et al. (2003) . All treatment of animals was in strict accordance with current international regulations on animal care, housing, breeding, and experimentation.
Electrophysiological Recording
Anesthesia was induced using an intraperitoneal injection of a mixture of ketamine/xylazine (1.5-3.0 mg / 0.1-0.2 mg). Heart rate and temperature were recorded to monitor the level of anesthesia, and supplemental injections of ketamine were administered as necessary to maintain stable heart and respiratory rates. Electrophysiological recordings began between ZT4 and ZT12. A dorsal craniotomy was made to descend the microelectrode into the SCN. Stereotaxic coordinates of the SCN were 0.4 mm anterior to bregma, 0.1 mm lateral to the midline, and 5.5 to 6.5 mm ventral to the cortical surface. The eyelids were retracted and pupils were dilated by application of 1% atropine sulfate on the cornea. The condition of the eye was periodically verified, and the cornea and brain surface were maintained hydrated using topical application of 0.9% saline. Extracellular single-neuron activity was recorded using glass-insulated, gold-platinum-plated tungsten electrodes (0.7-1 MΩ, Ainsworth Inc., United Kingdom). Response patterns and experimental sequences were controlled by a computerized system (TDT systems). A multispike form discriminator was used (Alpha-omega-MSD) to sort out and follow the activity of individual neurons. Once a single neuron was isolated, light responsiveness was tested using a stimulation protocol consisting of 3 light steps, each lasting 30 sec at an irradiance of 3.10 14 photons/cm²/s. Neurons unable to respond under these conditions were not investigated.
Firing rate (spikes/sec) was calculated as the mean number of spikes per 5-sec bins. Results are expressed as percentage variation (V) between test stimulation and reference stimulation, calculated as follows:
× 100, where R and T are the mean spike discharge rate during the reference (first 480-nm light exposure) and the test stimulation (subsequent 480-nm light exposure), respectively, and BL is the baseline corrective factor (mean spike discharge rate during the 1 min of darkness preceding the reference and test stimulations). Subtraction of the baseline firing rate of the neuron in darkness allowed comparison between neurons with different baseline firing rates. Results are expressed as M ± SEM.
Monochromatic Light Stimulation
Stimulation duration and irradiance were computer controlled, and monochromatic light was produced with a tungsten halogen light source, collimating lenses, neutral density, and Schott interference filters (10-nm half-band width). Light was projected through an opal diffuser, providing a uniform, patternless stimulus that encompassed the entire binocular visual field. Mice were submitted to successive 480-nm light stimulations separated by periods of darkness or stimulation with other wavelengths (400, 420, 440, 460, 480, 500, 530, 560, 590, 620 nm) of different durations (30 sec to 5 min) or irradiances (10 11 to 3.0 × 10 14 photons/cm 2 /s). To allow the neuron to return to a stable baseline state, prestimulation exposures included 2-min periods of darkness before and after monochromatic stimulation. Irradiance levels and spectral distribution were monitored with a photometer (International Light) and spectrophotometer (Ocean Optics).
Histology
At the end of the experiment, the last electrode position was marked with electrolytic lesions. The animal was given a lethal dose of sodium pentobarbital, and the brain was removed and fixed by immersion in Zamboni fixative (4% phosphate-buffered paraformaldehyde, picric acid) during 24 h. Brains were then cryoprotected by immersion in 30% sucrose in PB (0.01 M; pH 7.4) for 24 hours. Serial coronal sections were made at 50 µm on a freezing microtome. The distance between the electrode tract lesions and the SCN were measured to verify localization of recorded single units in the nucleus.
Behavioral Phase-Shifting Assay
Adult male mice (6 to 8 weeks old) were exposed to an initial period of 12L/12D light-dark cycle with broad-spectrum fluorescent lighting to entrain the circadian locomotor activity. For monitoring locomotor activity, mice were housed individually in cages equipped with infrared motion captors placed over the cages and continuous data collected in 1-min bins using a computerized data-acquisition system (Circadian Activity Monitoring System, INSERM, Lyon, France). Activity records were analyzed with the Clocklab software package (Actimetrics, Evanston, Illinois). After entrainment to the 12L/12D light cycle for 25 to 30 days, mice received 15-min monochromatic light pulses (10-nm half bandwidth) at ZT16 (Aschoff type II paradigm). The stimulator (light source and chamber) has been described previously (Dkhissi-Benyahya et al., 2000) . Animals were given a 15-min pulse of either 480 nm or 620 nm light or 15 min of one of the wavelengths followed by the other, separated by 2 min of darkness. All groups and the dark controls remained in the stimulator for the same length of time before being returned to the home cage. Activity was monitored in constant darkness (DD) for an additional 15 to 20 days to calculate the amplitude of the light-induced phase shift.
Consensual Pupillary Light-Constriction Measures
Pupillometry assays were made in unanesthetized mice between 2 and 6 h before lights off (12/12 light-dark cycle; see Lucas et al., 2001) . One eye of the animal was monitored under infrared illumination using a video camera in a plane parallel to the cornea, and pupil area was measured on-line using the Arrington Eye tracking system. Sampling rate was 30 images/sec. The pupil of the other eye was dilated by topical application of 1% atropine sulfate on the cornea and stimulated by 1-min light pulses using the same stimulus apparatus as in electrophysiology (see above). To correct for individual variations, data were normalized to maximal pupil area during the sequence of exposures. Results are expressed as the mean variation in constriction between the first 480-nm stimulation (reference stimulus) and the consecutive 480-nm stimulation (test stimulus). Irradiance values are 10 12 photons/cm 2 /s at 480 nm and 10 13 photons/cm 2 /s at 620 nm.
RESULTS
Prior Long-Wavelength Stimulation Increases the Responsiveness of SCN Neurons to Light
We recorded responses to light from single SCN neurons in mice stimulated with successive 480-nm light pulses separated by a period of darkness or by stimulations using a different wavelength. In this and in the following experimental paradigms, the initial 480-nm stimulus used is defined as the reference stimulus, whereas an identical subsequent 480-nm light pulse constitutes the test stimulation. We chose 480-nm monochromatic light because this wavelength corresponds to the peak of ipRGC sensitivity (Berson et al., 2002; Dacey et al., 2005) . Results are expressed as the variation in response (M ± SEM) between the reference and the test stimulations, and the statistics are provided in the figure legends.
The basic response pattern of an SCN neuron to light (Meijer et al., 1998; Drouyer et al., 2007) closely resembles that of in vitro recordings of ipRGCs, with phasic On-Off components derived from rods and cones and a sustained response to continued light exposure based on melanopsin photoresponse properties (Berson et al., 2002; Warren et al., 2003; Dacey et al., 2005; Tu et al., 2005 ). An initial (reference) light stimulation using 480-nm monochromatic light elicits this typical increase in the firing rate of a single SCN neuron compared to the baseline spike rate in darkness (Fig. 1A) . Following the initial phasic burst, the firing rate remains at a sustained level throughout the entire 5-min duration of light exposure, consistent with the melanopsin-derived tonic photoresponse (Berson et al., 2002; Dacey et al., 2005; Tu et al., 2005 , Drouyer et al., 2007 . During the subsequent 7-min period of total darkness, the mean firing rate reverts back to a baseline level similar to that observed during the dark period preceding the light stimulation. Administration of the second test-light exposure at 480 nm again increases the sustained firing rate to a level equivalent to that observed during the previous reference stimulation at this wavelength. When longer periods of darkness are allowed between the first reference and second test 480-nm stimulations, no significant increases in firing rate (2 min: 1.1 ± 7.8 %, n = 6; 9 min: 7.3 ± 6.6%, n = 14) are observed between the two light exposures, illustrating a lack of recovery of the response in the absence of light. In the second part of this experimental sequence (Fig. 1A) , long-wavelength stimulation (620 nm, 3 min) leads to a neuronal firing rate that is similar to the mean baseline level observed in darkness. However, following this long-wavelength exposure, the responsiveness of the neuron to a renewed 480-nm light stimulation now increases by 60% compared to the previous identical stimulation at this same wavelength and irradiance. These results demonstrate that previous stimulation with long-wavelength light only-but with neither 480-nm light nor a period of prolonged darkness-is capable of increasing the responsiveness of SCN neurons to a subsequent shortwavelength light exposure.
In our experimental design, the increase of neuronal firing occurs following the long-wavelength pulse flanked by two dark pulses, which are necessary so as to allow the neuronal firing rate to return to a stable baseline level (see Materials and Methods). To verify that the observed enhancement of the response during the short-wavelength exposure is because of the prestimulation with long-wavelength light and not simply the result of the sequence of dark-light-dark stimulation, we substituted the 620-nm stimulus with a midwavelength 530-nm stimulus (Fig. 1B) . In contrast to the effect of long-wavelength stimulation, previous exposure to this midwavelength light results in a 9.9% decrease in firing rate during the subsequent 480-nm test stimulation period. Repeating the long-wavelength stimulation is again capable of significantly increasing the firing rate (96.0%) in the following test exposure to shortwavelength, 480-nm light. In this sequence, it should be noted that stimulation with 530-nm light increases the neuronal firing rate by 52.9% compared to the dark baseline level, whereas no change in the mean baseline firing rate is observed during the 620-nm light exposures. In addition, the phasic On response of SCN neurons observed immediately following 480-nm and 530-nm light onset that is derived from cone input (Drouyer et al., 2007) is absent during the 620-nm stimulation. This lack of response to long-wavelength, 620-nm light was further confirmed by comparing SCN response levels during 5-min-duration exposures for increasing irradiances to the neuron's baseline firing rate in darkness. For irradiances from 10 11 to 3.0 × 10 14 photons/cm 2 /sec, no significant difference in the firing rate from the baseline rate is observed (data not shown). This result agrees with the reduction in sensitivity reported for several nonvisual responses at wavelengths greater than 590 nm to 600 nm (phase shift; Provencio and Foster, 1995; Yoshimura and Ebihara, 1996) , melatonin suppression (Brainard et al., 1984) , and pupil constriction (Lucas et al., 2001 ). To fully characterize the long-wavelength enhancing effect, we explored the wavelength, irradiance, and durationdependence properties of the response.
Enhanced Responsiveness of SCN Neurons Is Wavelength Dependent
First, we analyzed the capacity of different monochromatic wavelengths of light to alter the response to short-wavelength blue light. Figure 2A shows a typical recording sequence for a single neuron using light stimulation ranging from 480 nm to 620 nm at equal photon densities. The response shows two distinct trends in the different components of the wavelengthdependent responses. First, during the stimulation phases at different wavelengths (in between the 480-nm pulses), a clear reduction in the response amplitude dramatically increases the firing rate of a single neuron (6.84 ± ± -0.1 spikes/sec). During subsequent darkness (dark), the firing rate of the neuron returns to the mean baseline level (3.3 ± ± 0.2 spikes/sec) but again increases during the second 480-nm exposure (5 min) to a rate similar to that observed for the first short-wavelength light exposure (6.21 ± ± 0.1 spikes/sec) after dark. Stimulation with 620-nm light (3 min) has no effect on the firing rate of the neuron (3.6 ± ± 0.1 spikes/sec), which is identical to the baseline rate observed during the periods of darkness. This prestimulation with long-wavelength red light results in a 60% increase in the firing rate of the neuron (7.98 ± ± -0.1 spikes/sec) during the following (third) short-wavelength stimulation as compared to the previous 480-nm stimulation of equal irradiance. (B) When an SCN neuron is tested using the same sequence as above with 530-nm light, the response rate increases (from 18.4 ± ± 0.7 to 28.3 ± ± 0.3 spikes/sec) to a value that is 52.9% greater than the baseline rate but slightly less than the response rate at 480 nm (32.6 ± ± 0.3 spikes/sec). However, in contrast to a prestimulation with red light, the subsequent responsiveness of the neuron to 480-nm light (31. is observed with increasing wavelength. This is coherent with the known spectral-response properties of the ipRGCs (Berson et al., 2002; Dacey et al., 2005; Tu et al., 2005) and nonvisual responses for behavioral phase shifts (Provencio and Foster, 1995; Yoshimura and Ebihara, 1996) , FOS protein synthesis in the SCN (Rieux and Cooper, 2000) , pupillary reflex (Lucas et al., 2001) , and a previous electrophysiological study of SCN neurons by Aggelopoulous and Meissl (2000) . Secondly, during the successive exposures, longer wavelengths generate the inverse trend of an increase in neuronal responsiveness to 480-nm light. The rate of increase of the wavelength-dependent enhancing effect is a mirror image of the wavelength-dependent decrease in responsiveness of the neuron (dashed arrows, Fig. 2A) . Construction of the spectral response function (Fig. 2B ) of the percentage increase in responsiveness at 480 nm following prestimulation at different wavelengths ranging from 420 nm to 620 nm (randomly administrated) illustrates that the short-wavelength enhancing effect is clearly wavelength dependent. Wavelengths above 560 nm enhance the response, whereas wavelengths of 530 nm or shorter lead to a slight reduction in the response. The characteristic shape of this curve is similar to the difference spectra described for insect photopigments (Stavenga, 1975) . We then used 620 nm, the most efficient wavelength for eliciting the effect, to assess the enhancement response in the short-wavelength region by using the inverse strategy of stimulation. The change in responsiveness to a given wavelength was measured before and following 620-nm stimulation (see examples for several wavelengths in Fig. 2C ). The maximum response was obtained at 480 nm (Fig. 2B) , which is consistent with the region of peak sensitivity of melanopsin ipRGCs (Berson et al., 2002; Dacey et al., 2005) .
Melanopsin Is Required for the Enhancing Effect
To confirm whether melanopsin, rather than cones or rods, is involved in the photosensory response, we assessed whether response enhancement is conserved in a mouse in which melanopsin is invalidated but outer retinal photoreceptors remain intact . First, we confirmed that SCN neurons conserve light-responsiveness by stimulating with broadband white light (Fig. 3A) . It can be seen that the typical phasic-On and phasic-Off responses originating from cone and/or rod inputs (Berson et al., 2002; Dacey et al., 2005; Drouyer et al., 2007) are robustly expressed. In contrast, the sustained response corresponding to the melanopsin-based photoresponse of ipRGCs is no longer detectable in the SCN of Opn 4 -/-mice. Comparison of the response to white light in the wildtype and in the Opn 4 -/-mouse shows that a majority (roughly 90%) of photic responsiveness in the SCN can be attributed to melanopsin (Fig. 3B ). In particular, both the sustained and poststimulus persistent-response components are absent in the Opn 4 -/-mouse. Compared to the enhancement of the response in wild-type mice, previous exposure to 620-nm light in the Opn 4 -/-mouse results in a slight decrease (27.3 ± 20.1%) in the neuronal responsiveness to 480-nm light (Fig. 3C, 3D ), consistent with a partial bleaching of rod and/or cone photopigments (Drouyer et al., 2007) . These results support the conclusion that the light restoration of photic responses requires the presence of melanopsin and that rods and 
mouse. The reduction in responsiveness is mainly observed for the sustained response because the initial phasic-On response is present in both strains (A, B). When exposed to the sequence of prior light stimulation using 620-nm light, neurons in the SCN of the Opn 4 -/-mouse fail to show any potentiation of the response to the 480-nm test stimulus (C). Note that the phasic-On response is reduced by about 50% during the second 480-nm stimulation (same neurone shown in A and C). (D)
shows that the mean percentage change in response to short-wavelength light for this stimulation sequence (shown in C) leads to a 132.7 ± ± 12.1% (n = = 5) increase in wild-type mice but a 27.3 ± ± 20.1% (n = = 11) decrease in the Opn 4 -/-mouse (***p < < 0.001, t test).
cones alone are insufficient for expression of the response.
Enhanced Responsiveness Is Irradiance and Duration Dependent
To further determine the irradiance and duration dependence of the response-enhancement effect in the wild-type mouse, we used 480 nm as the reference and test stimuli and a 620-nm pulse as the conditioning stimulus. First, light exposures of increasing irradiances were applied while maintaining a constant 5-min duration. Figure 4A clearly illustrates the increased responsiveness of 4 individual SCN neurons at 480 nm subsequent to a prestimulation with long-wavelength light of different irradiance levels (summarized for all the neurons studied in the irradiance-dose response curve shown in Fig. 4B ). The firing rate increases significantly by 45.8 ± 8.1% at the lowest irradiance used (10 11 photons/cm 2 /sec) compared to the dark control (7.3 ± 6.6%). This enhancing effect rises sharply after 10 13 photons/cm 2 /sec (66.7 ± 11.1%) and saturates at roughly 1 log unit higher, resulting in a 150% increase in the firing rate compared to the previous shortwavelength reference stimulation. The next step assessed whether the enhancing effect of longwavelength light on short-wavelength light responsiveness is stimulus-duration dependent. Figure 4C illustrates for a single neuron the increase in responsiveness at short-wavelength light following successive prestimulation at 620 nm of equal photon flux (3 × 10 14 photons/cm 2 /s) with increasing durations from 30 sec to 5 min. Again, the baseline firing rate is similar during the dark exposures and during the successive series of red-light stimulations. The mean responses from all the neurons stimulated with different durations (randomly administered) show a dose-dependent increase that is expressed after only 3 minutes of prior light exposure, indicating a rapid mechanism of restoration of the response (histogram, Fig. 4D ).
Prior Long-Wavelength Light Exposure Enhances Short-Wavelength-Induced Phase Shifts and Pupillary Constriction
A critical question remaining was to determine whether the response enhancement previously reported from in vitro expression studies (Melyan et al., 2005) and here observed in single SCN neurons are transduced to behavior. We hypothesized that this property would be amenable to experimental demonstration for nonvisual, melanopsin-dependent responses in a mammal because (1) melanopsin, which is required for the enhancement response, is the only known photopigment in the mammalian retina of rhabdomeric origin (Arendt, 2003; Arendt et al., 2004 ) that displays two photoreversible pigment states (Koyanagi et al., 2005) and (2) the region of optimal response for the short-wavelength response function is sufficiently distinct from the long-wavelength mediated enhancement function (Fig. 2) . We thus applied the same light-stimulation strategy as used previously to assay light-induced phase shifts, but with stimulus durations and irradiance levels known to produce a 50% saturating response for a 480-nm light-induced phase shift (Provencio and Foster, 1995; Yoshimura and Ebihara, 1996) . First, we confirmed that a 15-min stimulation with red light (620 nm) alone fails to induce a phase shift in the onset of the behavioral activity (Fig. 5) . Second, exposure to blue (480-nm) light leads to an expected mean phase shift of 0.95 ± 0.11 h, in agreement with previous behavioral studies. Finally, when this same blue-light stimulation is preceded by a red-light (620-nm) exposure, the mean phase shift is increased nearly 2-fold (1.57 ± 0.15 h; Fig. 5B ). Of particular importance, reversing the order of a blue followed by a red light exposure leads to phase shift (0.93 ± 0.06 h) identical to that induced by the blue-light exposure alone, indicating that the enhancing effect of the response requires the prior long-wavelength stimulation and not merely exposure to the 2 wavelengths.
To further confirm the in vivo enhancement of nonvisual responses, we pursued our strategy to test the pupillary light reflex for which melanopsin ipRGCs have also been shown to be involved in the response Lucas et al., 2003; Panda et al., 2003) . We observe the same degree of pupillary constriction in the present study for stimulations with the bluewavelength and red-wavelength irradiance levels (480 nm = 10 12 photons/cm 2 /s; 620 nm = 10 13 photons/cm 2 /s), as in the study by Lucas et al. (2001) . When the eye receives a prior exposure to 620-nm light, the increase in pupillary constriction at 480 nm corroborates the results of the cellular SCN electrophysiological and behavioral phase-shift studies (Fig. 6) . The comparatively reduced magnitude of the effect observed for pupil constriction (23%), may be related to the higher proportion of melanopsin ipRGCs versus non-melanopsin-expressing RGCs projecting to the SCN compared to the projection to the olivary pretectal nucleus (Hattar et al., 2006) .
DISCUSSION
Our results demonstrate a novel, robust in vivo effect of an enhancement of the major nonvisual responses to short-wavelength light by previous exposure to long-wavelength light. The absence of this effect in melanopsin-knockout mice argues against the involvement of rods and cones for which prior light 13 , and 10 14 photons/cm 2 /sec lead to an increase of the firing rate of 37.6 %, 79.5%, and 188.9%, respectively, for the neurons illustrated in (A). During each longwavelength stimulation, the firing rate of the neuron is similar to the baseline firing rate during darkness. Note also the distinct phasic-On response to 480-nm light in all 4 neurons and the phasic-Off response to light in 3 of the 4 neurons that are absent during red-light stimulation. The summary dose-response curve (B) shows the pooled data from several neurons (randomly stimulated with different irradiances). The firing rate increases significantly by 45.8 ± ± 8.1% (n = = 9, t test p < < 0.003**) at the lowest irradiance used (10 11 photons/cm 2 /sec) compared to the dark control (7.2 ± ± 6.6%, n = = 14). This enhancing effect rises sharply after 10 13 photons/cm 2 /sec (66.7 ± ± 11.1%, n = = 11) and saturates at an irradiance level of roughly 1 log unit higher (142.8 ± ± 22.5% at 10 14 photons/cm 2 /sec, n = = 5, ANOVA, post hoc Newman-Keuls test p < < 0.003**), resulting in a 150% increase in the firing rate compared to a previous short-wavelength stimulation (curve fit using a 4-parameter Naka-Rushton function). The enhancing effect of long-wavelength light to short-wavelength light (480 nm, 10 14 photons/cm 2 /s) responsiveness is also stimulus-duration dependent, as illustrated by the responses of a single neuron (C) to successively increased durations of prestimulation using a 620-nm light (3 × × 10 14 photons/cm 2 /s, light gray shading). The histogram (D) summarizes for pooled data from several neurons stimulated with different durations. Although an effect of long-wavelength light is seen after 1 min (11.7 ± ± 6.0%, n = = 3), a significant enhancing effect requires a duration of at least 3 to 5 min (102.5 ± ± 24.6%, n = = 6 and 129.0 ± ± 13.8%, n = = 8, ANOVA followed by Newman-Keuls post hoc test, p < < 0.001***). For variance homogeneity in statistical analyses, data were first log-transformed (log [X + + 1]).
exposure exerts the opposite effect by reducing rod and cone sensitivities as a result of photopigment bleaching (Fain et al., 2001; Drouyer et al., 2007) . Possible poststimulus chromatic interactions also appear unlikely.
A rare example of this phenomenon is transient tritanopia (originally described by Stiles) in which prior long-wavelength (yellow-light) exposure causes the opposite effect of a decrease in sensitivity to blue light (Pugh and Mollon, 1979) . Furthermore, the lightindependent regeneration of the photopigments involving the retinoid cycle is a relatively slow process requiring mobility of the chromophore out of the photoreceptor toward the RPE or in Muller cells (McBee et al., 2001; Arshavsky, 2002) .
Our findings overwhelmingly support a role for melanopsin as the photosensory pigment in response enhancement following prior long-wavelength light exposure (Berson, 2007) . The response kinetics, consistent with an arrestin-dependent response (Kiselev and Subramaniam, 1994; Panda et al., 2005) , favor a mechanism involving a rapid process of intracellular chromophore photoregeneration. The most plausible hypothesis, suggested in several recent reviews, is that melanopsin is capable of both photosensory and photoisomerase functions (Lucas, 2006; Peirson and Foster, 2006; Berson, 2007; Nayak et al., 2007) . This is based on and consistent with the photic restoration of responsiveness to light in heterologously expressed melanopsin (Melyan et al., 2005; Panda et al., 2005) and the ability to photoconvert melanopsin between 2 distinct spectral absorption states (Koyanagi et al., 2005) . This hypothesis is further consolidated by studies demonstrating that melanopsin ipRGCs can autonomously regenerate the chromophore independent of the RPE visual retinoid cycle. rpe65-/-or lrat-/-mice that lack that enzymatic capacity to convert retinal from the all-trans to the 11-cis state conserve inner retinal ipRGC light sensitivity Tu et al., 2006) . In addition, in transgenic mice incapable of chromophore regeneration coupled with nonfunctional rod and cone opsin-transduction pathways (rpe65-/-gnat1-/-cnga3-/-mice), administration of all-trans-retinal is sufficient and necessary to restore photosensitivity (Fu et al., 2005) .
The possibility that rods and cones participate in response recovery and enhancement through as-yetunknown interactions with melanopsin could be validated in mice lacking functional rods and cones. However, this possibility seems unlikely because the enhancing effect observed after prior 620-nm light exposure fails to elicit any detectable neuronal response at the irradiances used in this study. Use of a mouse with melanopsin as the exclusive photopigment would consolidate the hypothesis that melanopsin alone is sufficient for enhancement, light (A, B) . In contrast, stimulation with blue light followed by red light produces a phase shift equivalent to that observed with the blue-light exposure alone (0.93 ± ± 0.06 min, n = = 7).
although this would not exclude the possible involvement of other putative retinal photoisomerases intrinsic to the ipRGCs and/or within other cells and operating in concert with melanopsin Terakita, 2005) . Peropsin is present in mammalian RPE, and Koyanagi et al. (2002) have shown that an amphioxus peropsin homologue can act as a photoisomerase. In the mouse, however, light restores photic responses of melanopsin expressed in Neuro-2a cells that lack known mammalian photoisomerases including peropsin and retinal G protein-coupled receptor opsin (RGRopsin) (Melyan et al., 2005) . Mouse RGR-opsin is localized both in RPE and in Muller cells, and although it has been shown to act as a photoisomerase in vitro (Chen et al., 2001 ), this has not been confirmed in vivo (Maeda et al., 2003) . An alternative possibility could be an extrinsic enzymatic regeneration of the photoexcitable pigment involving, for example, the retinoid cycle resident in Muller cells (Arshavsky, 2002) , although this process would presumably imply longer response kinetics for release, isomerization, and recapture of retinal by the photopigment.
Ultimate proof that melanopsin is capable of acting as both the photosensory and photosomerase photopigment awaits biochemical investigation by in vitro expression and reconstitution of the pigment extract with 11-cis-/all trans-retinal and spectrophotometric measurements. When carried out for invertebrate photopigments, these measures can provide the absorption spectra of the two underlying photoreversible R and M pigment states (Hillman et al., 1983) . The current results from heterologous expression studies (Melyan et al., 2005; Panda et al, 2005) and photoreversability of melanopsin photopigment states (Koyanagi et al., 2005) provide compelling evidence that melanopsin is a bistable photopigment. The key issue addressed in the present study is whether this property of bistability is functionally translated to in vivo physiology and behavior. The concurring evidence of response restoration and enhancement for several circadian and nonvisual melanops-independent responses supports this hypothesis.
In invertebrates, the physiologically measured responses of bistable pigments typically represent a photoequilibrium state that depends on the ratios and spectral properties of the underlying R and M states. All previously assayed melanopsin-dependent, nonvisual responses, including our enhancement spectrum for SCN neurons, consistently show a peak near 480 nm. The obtained long-wavelengthdominated function for eliciting enhancement (Fig. 2B ) presumably reflects the differences in the extinction spectra of the pigment states (difference spectrum). This electrophysiologically derived function contains the typical features of invertebrate difference spectra, including positive values at longer wavelengths and a region of negative values at shorter wavelengths. Although it is theoretically possible to extrapolate from the difference and photoequilibrium spectra the putative R and M spectra (Stavenga, 1975) , further knowledge of the underlying biochemical properties would be required to obtain an accurate, unbiased estimation (Hillman et al., 1983) . In this respect, caution should be used to interpret the profile of the curve for the long-wavelength enhancement effect (difference spectrum) that may vary according to the particular stimulus protocol condition. Additional evidence of melanopsin bistability could be obtained from study of the poststimulus persistence of the response that is an intrinsic feature of melanopsin-dependent responses (ipRGC: Berson et al., 2002; PLR: Gamlin et al., 2007; SCN single unit: Drouyer et al., 2007 ; present study, see Fig. 3 ). As recently stressed by Berson (2007) , this poststimulus persistence closely resembles the persistent depolarizing afterpotential (PDA) observed in invertebrate photopigments (for review, see Hillman et al., 1983) . This effect, related to metarhodopsin stability, can be abolished by exposure to long wavelengths causing a shift back to the 11-cis-bound opsin. Investigation of this aftereffect would be better suited to an in vitro study of isolated ipRGCs.
The electrophysiological recordings in the Opn 4 -/-mouse offer the additional novel finding that melanopsin provides the main photosensory input to the SCN compared to rods and cones. Our findings provide an important advance toward understanding how different photoreceptors contribute to regulation of the circadian system by light (Dkhissi-Benyahya et al., 2007) and add insight to the potential response of the circadian system to changing light spectra throughout the day. In particular, the response of melanopsin appears appropriately tuned to benefit from the sequence of a relative predominance of longwavelength light at dawn and dusk along the horizon (caused by atmospheric absorption) followed by a subsequent enrichment of shorter wavelengths during the day (Roenneberg and Merrow, 2002) . In humans, the implications for optimizing the effects of light on the circadian system and for the development of strategies for the treatment of seasonal affective or other chronobiological disorders are far reaching.
